Biomarkers to predict risk of liver fibrosis in subjects with nonalcoholic fatty liver disease, a common risk factor for hepatocellular carcinoma, would allow for early preventive interventions. We sought to characterize bile acid profiles associated with liver fibrosis in subjects from the community-based Cameron County Hispanic Cohort, a population in South Texas with high rates of nonalcoholic fatty liver disease, liver fibrosis and hepatocellular carcinoma. Plasma bile acid levels were measured in 390 subjects. These subjects were screened with liver elastography, detecting significant liver fibrosis in 58 subjects and steatosis in 186 subjects. Unsupervised clustering of the bile acid profiles revealed five clusters that differed by liver fibrosis, liver steatosis, liver injury, age and gender, identifying these parameters as major determinants of circulating bile acid changes. Total bile acid levels were significantly higher in subjects with fibrosis, with chenodeoxycholic acid displaying the greatest increase among individual bile acids. The primary conjugated bile acids, glycocholic and glycochenodeoxycholic acids, displayed the strongest association with fibrosis by logistic regression. High lithocholic acid levels were strongly associated with advanced fibrosis. In contrast, deoxycholic acid and total unconjugated secondary bile acids were positively associated with steatosis, whereas relative glycoursodeoxycholic acid abundance was negatively associated. Milk and yogurt intake notably contributed to fibrosis-associated bile acid changes. In addition, multiple families within the Firmicutes phylum, Prevotellaceae, and Bacteroides species in stool significantly correlated with fibrosis-associated and steatosis-associated bile acid parameters, suggesting that the gut microbiome contributes to bile acid changes in the context of liver disease. Conclusion: Circulating bile acid levels were markedly but differently changed in liver fibrosis and steatosis in a high-risk Mexican-American population.
N onalcoholic fatty liver disease (NAFLD) ranges from simple steatosis to the more severe nonalcoholic steatohepatitis (NASH). Liver fibrosis commonly arises from NAFLD and is the primary determinant of mortality in NAFLD in the United States. (1) NAFLD is also a common risk factor for hepatocellular carcinoma (HCC). (2) NAFLD is closely associated with metabolic comorbidities, including obesity and diabetes; subsequently, the incidence of NAFLD, NASH, liver fibrosis, and Abbreviations: ALT, alanine aminotransferase; AOR, adjusted odds ratio; AST, aspartate aminotransferase; CA, cholic acid; CAP, controlled attenuation parameter; CCHC, Cameron County Hispanic Cohort; CDCA, chenodeoxycholic acid; CI, confidence interval; DCA, deoxycholic acid; ELISA, enzyme-linked immunosorbent assay; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, glycolithocholic acid; GUDCA, glycoursodeoxycholic acid; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HSDH, hydroxysteroid dehydrogenase; LCA, lithocholic acid; LSM, liver stiffness measurement; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; OR, odds ratio; PAM, Partitioning Around Medoids; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; TLCA, taurolithocholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid.
HCC are expected to continue increasing in the United States, due to the epidemics of obesity and diabetes. (3, 4) Mexican Americans are an expanding population in the United States with a high prevalence of obesity, diabetes, liver steatosis, and liver fibrosis. (5) (6) (7) Although HCC incidence is higher in males than females, the incidence in both male and female Mexican Americans is double that of their non-Mexican-American white counterparts, (4) at 19.7 and 7.8 new cases per 100,000, respectively, in Mexican Americans versus 10.3 and 3.6 new cases in non-Mexican-American whites. A disproportionately large fraction of HCC cases are of NASH etiology in Mexican Americans. (8) Furthermore, Mexican Americans in South Texas have higher HCC incidence than Mexican Americans living elsewhere in the United States. (9, 10) Biomarkers that predict the risk of liver fibrosis in the context of NASH would allow for early preventive interventions in this high-risk population.
Although dysregulation of hepatic bile acid synthesis and increased circulating bile acid levels have been documented in the context of NAFLD and NASH, (11) (12) (13) (14) (15) bile acid changes during liver fibrosis development remain to be characterized. It is also unknown whether bile acid profiles are different between races and ethnicities. We therefore aimed to characterize the bile acid profiles associated with liver fibrosis in subjects from the Cameron County Hispanic Cohort (CCHC). CCHC is a population-based Mexican-American cohort in South Texas, with high rates of obesity, NAFLD, and HCC. (16) (17) (18) (19) 
Methods

stuDy paRtiCipants
The study includes 390 randomly selected CCHC participants enrolled between March 1, 2016, and June 19, 2018. Written informed consent was obtained from each participant for their clinical records to be used in this study. The study protocol was approved by the Committee for the Protection of Human Subjects of the University of Texas Health Science Center at Houston. All participants underwent a comprehensive clinical exam, detailed health history, and demographic interview. Hepatitis C virus (HCV) antibodies and hepatitis B virus (HBV) surface antigen (HBsAg) were assayed using the Ortho HCV Version 3.0 enzyme-linked immunosorbent assay (ELISA) Test System (Ortho-Clinical Diagnostics, Raritan, NJ) and HBsAg ELISA Kit (Abnova, Taipei, Taiwan), respectively. Participants who were positive for HCV or HBV were excluded from the study. Fasting blood samples were analyzed for metabolic and lipid panels at a Clinical Laboratory Improvement Amendmentscertified laboratory, except insulin, which was measured in the laboratory by ELISA assay (Mercodia, Uppsala, Sweden). Obesity was defined as body mass index (BMI) ≥ 30. Prediabetes was defined as either fasting blood glucose of 100-125 mg/dL or hemoglobin A1c (HbA1c) of 5.7%-6.4% with no history of diabetic medication. Diabetes was defined as fasting blood glucose ≥ 126 mg/dL, HbA1c ≥ 6.5%, or history of diabetic medication. The homeostasis model assessment (HOMA) was calculated as glucose (mg/dL)/ 18 × insulin (mU/L)/22.5. Abnormal aspartate aminotransferase (AST) was defined as > 33 U/L, and abnormal alanine aminotransferase (ALT) was defined as > 40 U/L for males and > 31 U/L for females. Heavy drinking was defined as weekly alcohol consumption of > 20 g/day for men and > 10 g/day for women; moderate drinking was defined as nonzero weekly consumption that did not reach the criteria for heavy drinking. Former smoking was defined as lifetime consumption of ≥ 100 cigarettes, plus no smoking at the time of survey. Current smoking was defined as lifetime consumption of ≥ 100 cigarettes, plus smoking at the time of survey. Information on autoimmune liver disease status is not available for this cohort.
liVeR elastogRapHy
For all subjects, trained operators obtained controlled attenuation parameter (CAP) measurements (dB/m) for liver steatosis, and liver stiffness measurements (LSMs) (kiloPascals) for liver fibrosis, using vibration-controlled transient elastography (either FibroScan 502 Touch or FibroScan 530 Compact; Echosens, Waltham, MA) with automatic probe selection and a total of 10 valid measures. Presence of liver steatosis was defined as CAP > 281. Significant fibrosis was defined as LSM > 7.1 kPa, whereas advanced fibrosis and cirrhosis were defined as LSM > 8.8 kPa and > 11.8 kPa, respectively.
DietaRy intaKe inFoRmation
During participant visits, dietary intake for the day before the interview was recorded using a diet questionnaire adapted from the School Physical Activity and Nutrition survey. Dietary groups were calculated from the sum of individual foods, whereas composite scores for unhealthy and healthy eating indices were calculated based on past studies using the School Physical Activity and Nutrition survey and CCHC data. (20, 21) The specific foods included in each group and index are provided in Supporting Table S1 .
Bile aCiD measuRements
Plasma samples were collected during participant visits. Samples were sent to Metabolon (Durham, NC) for analysis of absolute bile acid concentrations by liquid chromatography tandem mass spectrometry. The bile acid panel included measurements for 15 major primary and secondary acids, as well as their glycine and taurine conjugates: cholic acid (CA), glycocholic acid (GCA), taurocholic acid (TCA), chenodeoxycholic acid (CDCA), glycochenodeoxycholic acid (GCDCA), taurochenodeoxycholic acid (TCDCA), deoxycholic acid (DCA), glycodeoxycholic acid (GDCA), taurodeoxycholic acid (TDCA), lithocholic acid (LCA), glycolithocholic acid (GLCA), taurolithocholic acid (TLCA), ursodeoxycholic acid (UDCA), glycoursodeoxycholic acid (GUDCA), and tauroursodeoxycholic acid (TUDCA). For measurements below the limit of quantitation, the measurement was replaced by half of the lower limit of quantitation.
stool Dna eXtRaCtion anD BaCteRial 16s RiBosomal Rna seQuenCing
Stool samples were collected from 123 CCHC subjects using the OMNIgene GUT stool collection kit (DNA Genotek, Ontario, Canada). Samples were shipped to the MD Anderson Cancer Center at room temperature and stored at −80°C until analysis. Sample preparation and 16S ribosomal RNA (rRNA) sequencing were performed at the MD Anderson Cancer Center Microbiome Core Facility. Briefly, bacterial genomic DNA was extracted using the QIAamp Fast DNA stool mini Kit (Qiagen, Hilden, Germany). The V4 region of the bacterial 16S rDNA gene was amplified by polymerase chain reaction (PCR) (approximately 400 bp), from 100 ng of purified genomic stool DNA, using primers 515F (5′-AATGATACGGCGACCACCGAGATCTACACG CTXXXXXXXXXXXXTATGGTAATTGTGTGYC AGCMGCCGCGGTAA-3′, where XXXXXXXXX XXX is an index sequence for multiplexing libraries) and 806R (5′-CAAGCAGAAGACGGCATA CGAGATAGTCAGCCAGCCGGACTACNVGG GTWTCTAAT-3′). The PCR conditions used were 98°C for 3 minutes, followed by 27 cycles of 98°C for 50 seconds, 55°C for 30 seconds, 72°C for 30 seconds, then a final 72°C for 5 minutes. Libraries were purified using Zymo I-96 column purification and analyzed on the Agilent 4200 Tapestation system (Agilent, Santa Clara, CA). The barcoded amplicons were pooled in equal concentrations and quantified by Qubit fluorometer (Invitrogen, Carlsbad, CA); molarity was calculated based on amplicon size. The sequencing run was performed using 250 bp paired-end on the Illumina MiSeq platform using custom primers (Read1 seq primer: 5′-TATGGTAATTGTGTGYCAGCMGCCGC GGTAA-3′; Read2 seq primer: 5′-AGTCAGC CAGCCGGACTACNVGGGTWTCTAAT-3′; and index primer: AATGATACGGCGACCACCG AGATCTACACGCT). Sequencing data from paired-end reads were de-multiplexed and split in QIIME. (22) Merging of paired-end reads to create consensus sequences was done by VSEARCH v7, allowing up to 10 mismatched. The cluster_otus command, an implementation of the UPARSE algorithm, was used to perform 97% related operational taxonomic unit (OTU) clustering. Denoising was done by the unoise3 command. OTUs were then subjected to taxonomy assignment using the Mothur with Silva database. A phylogenetic tree was built with the FastTree method in the QIIME package.
statistiCal analyses
Partitioning Around Medoids (PAM) clustering was performed in R (version 3.5.1; R Foundation for Statistical Computing, Vienna, Austria) to cluster samples based on their individual bile acid profiles. Consensus clustering was run to determine cluster number and class membership by stability evidence, using 80% item resampling, 100% feature resampling, a maximum evaluated k of 10, 1,000 resamplings, and PAM clustering algorithm following 1 − Spearman correlation distances. The consensus cumulative distribution function plot and change in area under the curve indicated that a cluster number of five or more was appropriate; subsequently, subjects were clustered into five groups based on PAM clustering. Logistic regression was performed to determine clinical differences between each bile acid cluster versus the rest of the study group, and differences between each grouping of high and low bile acid abundance. To that end, odds ratios and 95% confidence intervals for each clinical parameter were generated, adjusted by age and gender. Differences in bile acid parameters between fibrotic and nonfibrotic subjects was assessed by the Mann-Whitney U test, with P < 0.05 considered statistically significant. Principal component analysis was performed with the Euclidian-based distances matrix, generated using log10-transformed abundance of the 15 individual bile acids. Redundancy analysis was performed using the RDA function in the Vegan package for R. Log10-transformed abundances of the 15 individual bile acids were used as the response variables; log10-transformed diet parameters were used as the explanatory variables. Analysis of variance-like, permutation-based tests were used to assess the significance of the model and of each constrained axis, as well as the marginal effects of each explanatory variable. Mantel's test using 9,999 permutations was used to assess the association between bile acid profiles and microbiome profiles of the same subjects. The test was performed on the Euclidean-based distance matrix of bile acid profiles, and on the weighted UniFrac-based distance matrix of microbiome profiles. Spearman's test was used to assess correlation between bacterial taxa and bile acid parameters.
Results
Bile aCiD pRoFiles iDentiFy FiVe suBJeCt ClusteRs
Plasma samples were obtained from 390 participants in the CCHC who were screened with FibroScan for liver fibrosis and steatosis. Participants positive for HCV or HBV were excluded. The demographic and clinical parameters of all study participants are given in Supporting Table S2 . Briefly, the age average was 51.9, and 134 subjects (34.4%) were male. Among all participants, 188 (48.3%) were obese, 100 (26%) had diabetes, and 186 (47.7%) had liver steatosis (CAP > 281). In addition, 102 (26.2%) were moderate drinkers and 24 (6.2%) were heavy drinkers. The study cohort included 52 subjects (13.3%) with significant liver fibrosis (kPa > 7.1), of which 27 subjects (6.9%) had advanced liver fibrosis (kPa > 8.8) and 19 subjects (4.9%) had cirrhosis (kPa > 11.8). Subjects with significant fibrosis were more likely to have liver steatosis (37 [71.2%]) and to be obese (34 [65.4%]), diabetic (24 [46.2%]), and heavy drinkers (5 [9.6%]). A total of 15 bile acids were measured in the plasma of these 390 participants (Fig. 1) . The most abundant bile acid was GCDCA (mean = 321.4 ng/mL), followed by DCA (mean = 190.1 ng/mL). With the exception of TLCA and TUDCA, all were detected above the detection limit in more than 50% of samples.
Consensus clustering with PAM of the 390 samples based on bile acid profiles revealed five clusters (clusters A-E) ( Fig. 2A) . Cluster A was the most distinct, followed by cluster B, whereas clusters C, D, and E were more similar to each other. Separation of clusters was also observed by principal component analysis of all subjects, based on individual bile acid profiles ( Fig. 2B ). Subjects in clusters D and C had healthier liver function compared with all study participants. Subjects in cluster D were older, with a median age of 55.8 compared with 51.9 in the rest of the study population (P = 0.01). Only 4.9% of subjects in cluster D had abnormal AST levels compared with 17% in the rest of the study population (odds ratio [OR] = 0.25, 95% confidence interval (CI) = 0.09-0.71, P = 0.01), and 22% had abnormal ALT levels compared with 36.3% in the rest of the study population (OR = 0.49, 95% CI = 0.28-0.88, P = 0.016). Similarly, cluster C was associated with lower ALT (P = 0.023) and lower AST, although not significantly. Subjects in cluster C were more likely to be female (OR = 3.38, 95% CI = 1.38-8.25, P = 0.007), to have a lower BMI (OR = 0.92, 95% CI = 0.86-0.98, P = 0.013), and to be never drinkers and never smokers (80.5% and 85.4% compared with 66.2% and 66.2% in the rest of the study population, respectively). However, subjects in cluster C had significantly higher cholesterol, high-density lipoprotein and low-density lipoprotein, and most (55%) were prediabetic. Subjects in cluster B were significantly younger (P = 0.004) and had lower rates of metabolic disease, although not significantly. Interestingly, while AST and ALT levels in cluster B subjects were comparable to the overall study cohort, the NAFLD score was significantly lower at −1.9 compared with −1.5 in the rest of the study population (OR = 0.80, 95% CI = 0.64-1.00, P = 0.045). Subjects in clusters A and E had significantly higher frequencies of abnormal FibroScan results, but remarkably, liver fibrosis and liver steatosis did not cluster together. Subjects in cluster A had the highest frequency of significant liver fibrosis (16.4% compared with 12.1%), and the highest LSM average at 7.1 kPa compared with the overall 5.1 kPa in the study population (P = 0.017). Cluster A also had higher daily alcohol intake (4.7 g/day compared with 2.4 g/day in the rest of the study population, P = 0.035) and a higher frequency of heavy drinkers (9.1% compared with 14%), although this did not reach significance. On the other hand, subjects in cluster E had the highest frequency of subjects with liver steatosis (58.8%) (OR = 1.88, 95% CI = 1.21-2.93, P = 0.005) and the highest average FibroScan CAP score of 285.9 compared with 270.2 in the rest of the study population (P = 0.024). Twenty-two percent of subjects in cluster E had abnormal AST compared with 12.0% in the rest of the study population (OR = 1.85, 95% CI = 1.03-3.31, P = 0.04). It is also important to note that subjects in cluster E were significantly younger (OR = 0.98, 95% CI = 0.97-1.00, P = 0.018), more likely to be male (OR = 1.88, 95% CI = 1.20-2.95, P = 0.006), to be moderate drinkers (OR = 1.78, 95% CI = 1.09-2.90, P = 0.021), and to have high HOMA scores (OR = 1.08, 95% CI = 1.00-1.16, P = 0.038). Triglyceride levels were also high in subjects of cluster E. A summary of the demographic and clinical parameters specifically associated with the five clusters is provided in Supporting Table S3 . In conclusion, liver fibrosis was the major contributor of bile acid changes in blood. Other contributors included age, liver injury, liver steatosis, and gender ( Fig. 2B) . Remarkably, obesity, diabetes, and metabolic diseases are only marginally associated with bile acid profiles.
Bile aCiDs assoCiateD WitH liVeR FiBRosis anD liVeR steatosis
A significant increase in total bile acid levels was observed in subjects with fibrosis (median = 1340 ng/mL) compared to subjects with no fibrosis (median = 721.3 ng/mL) (fold change = 1.86, P < 0.001). This effect was largely due to primary bile acids (median for fibrosis = 787.4 ng/mL and for no fibrosis = 396.3 ng/mL, fold change = 1.99, P < 0.001). Accordingly, the primary/secondary bile acid ratio was also increased (median for fibrosis = 1.69 and for no fibrosis = 1.27, fold change = 1.33, P = 0.017). To further determine the specific bile acids associated with liver fibrosis, subjects were then grouped into quartile 4 (Q4) versus quartiles 1-3 (Q1-Q3) for each bile acid parameter for binary logistic regression. After adjusting for age and gender, a strong positive association between liver fibrosis (kPa > 7.1) and high total bile acid levels (Q4) was observed (adjusted odds ratio [AOR] = 4.40, 95% CI = 2.37-8.18, P < 0.001) (Fig. 3) . The association was even stronger with liver cirrhosis (kPa > 11.8) (AOR = 7.41, 95% CI = 2.71-20.27, P < 0.001). Although this association was observed for both total primary and total secondary bile acids, the effect was stronger for primary bile acids, especially in the context of cirrhosis (AOR = 7.53, 95% CI = 2.76-20.55, P < 0.001 compared with AOR = 2.62, 95% CI = 1.02-6.71, P = 0.045). Among the five bile acid groups (CDCA, CA, DCA, LCA, and UDCA), UDCA was the only one not contributing to the association between higher bile acid levels and liver fibrosis. Among individual bile acids, the strongest association with liver fibrosis was observed for the glyco-conjugated forms of CA (GCA) and CDCA (GCDCA) (AOR = 3.14, 95% CI = 1.70-5.79, P < 0.001 and AOR = 3.26, 95% CI = 1.76-6.01, P < 0.001; AOR = 7.91, 95% CI = 2.88-21.71, P < 0.001 and AOR = 4.74, 95% CI = 1.83-12.27, P = 0.001, respectively, for advanced fibrosis) (Fig. 3) . The association between GCA and GCDCA and fibrosis remained when the data were further adjusted for total bile acid levels. High levels of LCA were particularly associated with advanced liver fibrosis (kPa > 8.8; AOR = 5.16, 95% CI = 2.07-12.88, P < 0.001). The association again remained when adjusted by total bile acid levels.
In contrast to liver fibrosis, total bile acids levels were not significantly increased in subjects with liver steatosis with medians of 842.2 ng/mL and 677.8 ng/mL in subjects with and without steatosis, respectively (fold change = 1.24, P < 0.063). With logistic regression, after adjusting for age and gender, a significant positive association between liver steatosis and high expression (Q4) was observed for total unconjugated secondary bile acids (AOR = 1.80, 95% CI = 1.12-2.88, P = 0.015), largely due to DCA (AOR = 1.88, 95% CI = 1.17-3.01, P = 0.009) ( Fig. 4) . High relative amounts of GUDCA were negatively associated with steatosis (AOR = 0.55, 95% CI = 0.35-0.89, P = 0.014) ( Fig. 4) .
Taken together, these results suggest that important overall changes in circulating bile acids were observed in the context of fibrosis, but only limited specific changes were observed in the context of steatosis with no overlap between fibrosis-associated and steatosis-associated profiles. High abundance of the glyco-conjugated primary bile acids GCA and GCDCA displayed the strongest association with fibrosis. Accordingly, total bile acids, total primary bile acids, and the individual bile acids GCA and GCDCA displayed the strongest positive correlations with FibroScan LSM (r = 0.225, r = 0.234, r = 0.252, and r = 0.211, respectively; P < 0.001) ( Fig. 5 ). 
eFFeCts oF Diet on FiBRosis-assoCiateD oR steatosis-assoCiateD Bile aCiD pRoFiles
Redundancy analysis was performed to assess the relationship between the different diet groups and variation in bile acid profiles associated with fibrosis and steatosis. The selected diet variables explained 4.8% of the variation observed (P = 0.001), with the first two axes displaying 3.0% (P = 0.002) and 1.2% (P = 0.284) of the total variation (Fig. 6) . Notably, a significant association with bile acid profile variation (P < 0.01) was observed for total milk and yogurt (P = 0.001), total protein (P = 0.004), as well as for the unhealthy eating index (P = 0.006). Total milk and yogurt showed the highest contribution to variation at 1.82%, and the direction of arrows in the plot indicated a negative correlation between total milk and yogurt and levels of the fibrosis-associated bile acids GCDCA and GCA. Total protein showed a contribution to variation of 1.17%, and the direction of the arrows in the plot indicated a negative correlation between total protein and levels of the steatosisnegatively associated bile acid GUDCA. 
gut miCRoBiome Composition aFFeCts Bile aCiD pRoFiles assoCiateD WitH liVeR FiBRosis oR steatosis
We next sought to determine whether the bile acid changes associated with liver fibrosis or steatosis correlated with specific stool microbiome composition. Stool was collected from 123 of the 390 study subjects, excluding those with a history of antibiotic or proton pump inhibitor use within the month before collection. Following bacterial 16S rRNA sequencing, Mantel's test was conducted to assess the correlation between the distance matrix based on bile acid profiles and the distance matrix based on microbiome composition within the same subjects. Both absolute concentrations of the 15 individual bile acids and relative abundances were assessed. Although not significant, the microbiome-based distance matrix correlated more strongly with variations in relative bile acid composition than variations in absolute bile acid concentrations (P = 0.308 vs. P = 0.525, respectively). Correlations were improved when evaluating the relative abundance of unconjugated bile acids alone (P = 0.166).
Although overall microbiome composition was not closely associated with circulating bile acid profiles, we next sought to identify specific microbiome changes associated with the identified bile acid parameters of interest: total bile acids, total primary bile acids, GCDCA, GCA and LCA for liver fibrosis, and DCA, total unconjugated secondary bile acids, and relative GUDCA for liver steatosis. Spearman's correlation between each bacterial taxa (from phylum to species level) and the eight bile acid parameters of interest were determined; only taxa with ≥ 0.1% abundance in at least half of the samples were included.
A total of 57 significant bile acid-microbiome correlations from 29 bacterial taxa were identified (|r| ≥ 0.2 and P < 0.05) (Fig. 7) . Notably, the fibrosis-associated parameters total bile acids, total primary bile acids, GCDCA, and GCA shared a similar correlation pattern with members of the firmicutes phylum. In particular, a negative correlation was observed with members of the Rikenellaceae and Christensenellaceae family, as well as unclassified Roseburia species and Ruminococcaceae UCG-005. Conversely, a positive correlation was observed for the Peptostreptococcaceae family and the Romboutsia genus within it. All four parameters were also positively correlated with the bile-resistant Sutterella. LCA showed a distinct correlation pattern. A negative correlation was observed with Enterobacteriaceae, whereas a positive correlation was observed with members of the Ruminococcaceae family and Sutterella.
For liver steatosis-associated bile acid markers, DCA and total unconjugated secondary bile acids showed a positive correlation with Collinsella and Collinsella aerofaciens. In addition, DCA was negatively correlated with members of the Bacteroidaceae family. Finally, relative GUDCA abundance showed a correlation pattern opposite to LCA and DCA, negatively correlating with Prevotellaceae and members of Ruminococcaceae, but positively correlating with members of the Bacteroidaceae family.
Discussion
NASH and liver fibrosis are major risk factors for HCC in the United States. Currently, clinical markers to predict risk of liver fibrosis are lacking. Bile acids are emerging as a potential contributor to NAFLD and NASH, due to their role as signaling molecules, regulating their own synthesis as well as glucose, lipid, and energy metabolism through receptors that have varying affinities to the different bile acids. (23) This study therefore aimed to evaluate whether bile acids may improve the prediction of liver fibrosis in a highrisk, community-based Mexican-American cohort with high rates of NASH. The study cohort, consisting of 390 subjects, is well representative of the overall cohort. (18) PAM clustering of subjects based on their plasma bile acid profiles revealed five distinct clusters that significantly differed by liver fibrosis, liver injury, liver steatosis, age and gender, with liver fibrosis being the major contributor to circulating bile acid changes.
High total bile acid levels showed the strongest association with significant fibrosis among all bile acid parameters. An increase in total bile acids has been reported in multiple studies of NASH, (11, 12) alcoholic liver disease, (24, 25) diabetes (26) (27) (28) (29) (30) and obesity, (26, 31) suggesting that it is a hallmark of metabolic disease and liver disease. Only a few studies on small numbers of samples have reported bile acid changes in liver fibrosis. Puri et al. reported increased circulating levels GCA and TCA and decreasing secondary/ primary ratio in 24 subjects with significant fibrosis (F ≥ 2) compared with 59 subjects with no-tominimal fibrosis (F0-F1). (32) Similarly, in patients with HCV patients, Cano et al. reported an increase in circulating levels of the primary conjugated bile acids TCDCA, TCA, and GCA in 69 subjects with F ≥ 2 compared to 134 subjects with F0-F1. (33) Caussy et al. also observed an increase in total bile acids, conjugated CA, and conjugated CDCA with increasing liver fibrosis stage. (34) Finally, Lelouvier et al. reported a decrease in circulating LCA/CDCA, UDCA/ CDCA, and TLCA/CDCA ratios in 11 obese subjects with fibrosis compared to 26 obese subjects without fibrosis, concluding that there may be a decreased capability to convert primary bile acids to secondary bile acids. (35) In accordance with these studies, we also observed a significant increase in primary/secondary ratio in subjects with liver fibrosis. We further showed that the glyco-conjugated primary bile acids GCA and GCDCA were strongly associated with liver fibrosis, whereas LCA had the strongest association with advanced fibrosis.
High levels of the unconjugated secondary bile acids, essentially DCA, and low levels of relative GUDCA were identified to be associated with liver steatosis in this cohort. UDCA and its conjugates are the most hydrophilic bile acids, with well-known hepatoprotective properties. UDCA is clinically approved for primary biliary cholangitis and dissolution of cholesterol gallstones. Multiple clinical trials have assessed the use of UDCA in NAFLD and NASH, alone or in combination with other therapies. (36) (37) (38) (39) However, studies have so far been in small groups of patients with heterogenous results, requiring additional studies. (23, 40, 41) Our observation that low GUDCA is associated with liver steatosis further supports the use of UDCA and its conjugates as a potential therapeutic strategy in NAFLD.
Interestingly, specific dietary parameters were associated with bile acid profiles. Redundancy analysis showed that total intake of milk and yogurt was associated with a healthier bile acid profile with less risk of liver fibrosis, whereas high protein consumption was associated with bile acid profiles observed in liver steatosis. One limitation of our study was that dietary factors were only based on recall from the previous day: Although the assumption is that single-day intake may somewhat represent long-term habits, true associations with long-term habits could not be made. Additional studies to further determine whether a causal relationship exists between these dietary factors and bile acid levels may be useful for future lifestyle interventions.
The contribution of the gut microbiome to bile acid changes was also explored. The gut bacteria mediate deconjugation of bile acids as well as the transformation of CA and CDCA into the secondary bile acids DCA and LCA, respectively, through 7αdehydroxylation. Although LCA, DCA, and UDCA are all considered secondary bile acids, UDCA is transformed from CDCA through two-step epimerization by 7α-hydroxysteroid and 7β-hydroxysteroid dehydrogenases (HSDH). (42, 43) Additionally, UDCA can be converted to LCA by 7β-dehydroxylation. Although a broad variety of commensal gut bacteria are able to deconjugate bile acids, only a limited group of gut microbes possess 7α-dehydroxylating and 7β-dehydroxylating activity required for the conversion of the primary bile acids and UDCA into LCA/DCA, of which the most well characterized are the Clostridium and Eubacterium genera. (42) (43) (44) Additionally, members of the Clostridium XIVa and Clostridium XI have been reported to possess 7dehydroxylating activity. (45) However, challenges in comparing across previous studies includes the use of different databases for alignment, (46, 47) updates to the database over time, and reclassification of certain taxa. Although bacteria from these clusters were originally assigned to the Clostridium genus, many have now been reclassified into the families Lachnospiraceae, Peptostreptococcaceae and Ruminococcaceae, (48) all within the Clostridiales order. Our study showed that multiple members of Ruminococcaceae and Lachnospiraceae were positively correlated with LCA and/or DCA, suggesting that changes in their abundance may contribute to the bile acid changes observed in liver fibrosis and steatosis. Additionally, members of the Rikenellaceae and Christensenellaceae families were negatively correlated with the conjugated primary bile acids. Conversely, Peptostreptococcaceae and Romboutsia from within the family were positively correlated with the total and primary bile acids.
Interestingly, although LCA and DCA exhibited a positive correlation with Prevotellaceae and negative correlation with Bacteroides species, relative GUDCA abundance showed the opposite associations. Relative GUDCA was also negatively correlated with the Ruminococcaceae and Lachnospiraceae families, consistent with their putative 7-dehydroxylating activity. Genes encoding 7α-HSDH have been identified in a relatively wide range of bacteria, including Clostridium and Bacteroides species, whereas genes encoding 7β-HSDH have only been demonstrated in Clostridium absonum, Collinsella aerofaciens, Ruminococcus gnavus, and Ruminococcus torques. (49, 50) This suggests that the Prevotellaceae, Ruminococcaceae and Lachnospiraceae families may either prevent the production of UDCA from CDCA, or increase conversion of UDCA to LCA. Conversely, Bacteroides species may directly contribute to the transformation of CDCA to UDCA.
There are several limitations to this study. As this is a population-based cohort with subjects recruited from households, and not from patients enrolled in a clinical setting, none of the subjects received a diagnosis of liver disease. Instead, FibroScan imaging was used as a noninvasive technique to detect the presence of liver steatosis and fibrosis. A strength of such an approach, however, is that this group of volunteers from the community is representative of the Mexican-American population in South Texas. Another limitation is the cross-sectional nature of the study; the direct contribution of the observed bile changes to liver fibrosis remains unknown. Follow-up of subjects without liver fibrosis at the time of blood collection, but with bile acid signatures identified to be associated with liver fibrosis, would determine the biological effects of these bile acid changes on liver fibrosis.
In conclusion, we characterized the circulating bile acid profiles of a Mexican-American cohort with high prevalence of liver steatosis and fibrosis. Bile acid levels were markedly but differently changed for both conditions, suggesting a contribution to disease progression. These findings may be used as biomarkers for prediction of liver steatosis and fibrosis in this high-risk population, and inform clinical decisions on surveillance and prevention. recruited and documented the participants, and Marcela Morris and Israel Hernandez for the samples and data management. The authors would also like to thank Dr. Robert Jenq and Dr. Tina Chang of the MD Anderson Cancer Center Microbiome Core Facility, for their help with stool specimen processing, sequencing, and analysis.
